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In this study, we assembled an Agrobacterium-based transient expression system for the ectopic
expression of Satellite tobacco mosaic virus (STMV) (þ) or () transcripts and their biological activity
was conﬁrmed when Nicotiana benthamiana plants were co-expressed with helper Tobacco mosaic virus
replicase. Characterization of STMV in the presence and absence of its HV revealed: (i) HV-dependent
expression of STMV (þ) in N. benthamiana, but not in N. tabacum, generated a replication-deﬁcient but
translation and encapsidation competent variant lacking the highly conserved 30 150 nucleotides (nt)
(STMVΔ150); (ii) mutational analysis demonstrated that a conserved 30 stem-loop structure in wild type
and STMVΔ150 located between nt 874 and 897 is essential for translation of CP; (iii) helper virus-
independent expression of CP from wt STMV was competent for the assembly of empty aberrant virion-
like particles; whereas, CP translated from STMVΔ150 resulted in disorganized CP aggregates suggesting
a role for the 30tRNA-like structure in STMV assembly.
& 2015 Elsevier Inc. All rights reserved.
Introduction
Satellite RNAs and satellite viruses each require their associated
helper virus (HV) for replication of their genome (Hu et al., 2009).
Unlike satellite RNAs, satellite viruses encode their own coat protein
(CP) while satellite RNAs are dependent on HV CP for encapsidation
(Hu et al., 2009). At present, there are four known satellite viruses
associated with their respective HVs. These are Satellite maize white
line mosaic virus (SV-MWLMV) (Zhang et al., 1991), Satellite tobacco
necrosis virus (STNV) (Bringloe et al., 1998), Satellite panicum mosaic
virus (SPMV) (Scholthof et al., 1999) and Satellite tobacco mosaic virus
(STMV) (Dodds, 1998). Among these four, the physical morphology of
the ﬁrst three satellite viruses and their HV are all icosahedral in
nature (Hu et al., 2009). A hallmark feature of STMV is that its HVs are
rod-shaped tobamoviruses. These HVs include the naturally occurring
helper Tobacco mild green mosaic virus (TMGMV, previously known as
TMV-U5) and wild-type Tobacco mosaic virus (TMV or TMV-U1)
(Dodds, 1998). STMV was ﬁrst isolated from Nicotiana glauca in
Southern California in 1986 and characterized as a small icosahedral
virus of 17–18 nm in diameter (Larson and McPherson, 2001; Valverde
and Dodds, 1986, 1987). The particles of STMV have T¼1 symmetry
(Larson et al., 1998) assembled from 60 capsid protein subunits of
17,500 Da and encapsidate a single stranded, positive sense RNA of
1059 nucleotides (nt) (Mirkov et al., 1989). A 3D structure of STMV
virions has been resolved using X-ray crystallography at 1.8 Å, with
RNA double helices on the edges of the icosahedron (Larson et al.,
1998). STMV RNA encodes two proteins of 6.8 kDa and 17.5 kDa. The
former protein was found to have no function (Routh et al., 1995)
while that of the latter is the CP involved in the formation of infectious
virions (Valverde and Dodds, 1987). The simple genome organization
of STMV whose replication is dependent on the well-characterized
rod-shaped TMV (Valverde and Dodds, 1986, 1987), makes STMV a
unique system for studying the mechanisms regulating genome
packaging of a satellite virus.
To date, predictions on STMV assembly and packaging are based on
studies involving crystallography and computational biology (Archer
et al., 2013; Athavale et al., 2013; Freddolino et al., 2006; Larson et al.,
2005; Larson and McPherson, 2001; Schroeder, 2014; Schroeder et al.,
2011). Except for a couple of preliminary studies reported nearly two
decades ago (Routh et al., 1995, 1997), no in vivo experimental
evidence exists concerning replication, translation, virion assembly
and genome packaging in STMV. For this reason, we initiated a study
to understand the mechanism of STMV replication, translation, and
assembly in vivo. To this end, we established an Agrobacterium-
mediated transient expression system (agroinﬁltration) for STMV to
study initiation of replication on (þ) and ()-strand templates in
N. benthamiana plants. This Agrobacterium-based in vivo system is
ideal for replication-independent expression of viral CP, providing a
platform to evaluate various viral factors that regulate virion assembly
and genome packaging (Annamalai and Rao, 2006c; Annamalai et al.,
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2008). This study revealed the following three salient features
associated with the biology of STMV. Firstly, unlike in N. tabacum
“Turkish”, HV-dependent expression of STMV in N. benthamiana
resulted in the generation of a variant STMV RNA lacking the 30 150
nt region. Second, mutational analysis implicated a role for the
conserved 30 stem-loop structure located between nt 874 and 897 in
translation. Finally, STMV virion assembly is initiated using the 30
tRNA-like structure (TLS) as a nucleating agent of CP subunits.
Collectively our data provides some novel insights into the overall
biology of STMV.
Results
Characteristic features and biological activity of agrotransformants of
STMV
The length of the native STMV genomic RNA is 1059 nt (Mirkov
et al., 1989). While testing the speciﬁcity of several tobamoviruses to
function as HVs, it was observed that both TMV and TMGMV were
functional as HVs only when the STMV RNA transcript lacked a 50
adenosine residue (Yassi and Dodds, 1998). For this reason, an
agroconstruct was engineered to harbor a cDNA clone of an STMV
variant lacking the 50 terminal adenosine residue with a 1058 nt long
sequence (Fig. 1B). pSTMV (þ) and pSTMV () agrotransformants
(Fig. 1B) were engineered such that, the transiently expressed STMV
(þ) and ()–RNA strand transcripts would have the following
characteristics: Plus-strand RNA transcripts would have authentic 50
ends due to precise initiation of transcription from the 35S promoter
and the 30 end would have þ22-nt extensions beyond the natural 30
CCA due to the presence of the self-cleaving Satellite tobacco ring spot
virus ribozyme (Fig. 1B). Similarly, the ()-strand STMV RNA tran-
scripts would be the exact complementary sequences to the corre-
sponding (þ)-strand terminating with þ22-nt non-viral extensions at
the 50end (Fig. 1B).
The following two experiments were performed to test the
biological activity of transiently expressed STMV (þ)-strand tran-
scripts. In the ﬁrst experiment, N. benthamiana plants were
agroinﬁltrated with a mixture of agrotransformants containing
pSTMV (þ) and either pJL 36 or pRP. Agrotransformants pJL 36
(Lindbo, 2007) and pRP (Erickson et al., 1999) were engineered
respectively to express full-length TMV or the TMV replicase gene
only (Fig. 1A). In the second experiment, following agroinﬁltration
of N. benthamiana with pSTMV, at one dpi, inﬁltrated leaves were
mechanically inoculated with virions of TMGMV. N. benthamiana
and N. tabacum ‘Turkish’ plants mechanically inoculated with
STMV and TMGMV served as controls. Total RNA recovered from
experimental and control plants was subjected to Northern blot
hybridization and RT-PCR. Results are shown in Fig. 2A. As shown
previously (Routh et al., 1997), in the absence of HV, transcripts of
STMV RNA were not detectable by either Northern blot hybridiza-
tion or RT-PCR (Fig. 2A, lane 1). Although the packaged STMV RNA
is highly folded to exhibit a partially double-stranded form in the
virions (Athavale et al., 2013; Larson and McPherson, 2001), recent
cryo-electron microscopic studies revealed that, in solution, STMV
RNA is exceptionally extended (Garmann et al., 2015) in contrast to
predicted compactness (Yoffe et al., 2008). Since RNA compactness
facilitates protection against RNA interference (Ding and Lu, 2011),
we speculate that in the experiment mentioned above, failure to
detect STMV RNA could be due to the onset of RNA silencing in
the absence of a silencing suppressor (see below). However,
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Fig. 1. Characteristic features of T-DNA based agro-constructs of STMV and its derivatives. (A) T-DNA based agro-constructs of TMV. Agro-construct pJL36 contains a full-
length cDNA of TMV while agro-construct pRP contains the open reading frames of TMV RNA-dependent RNA polymerase (RdRp) along with the 30 non-coding region
encompassing the tRNA like structure (TLS). (B) A cDNA clone of STMV was subcloned to the binary vector pCASS-Rz. Agroconstructs of pSTMV (þ) and pSTMV ()
contained full-length cDNA copies of the STMV genome. In Δ35S-pSTMV (), the region encompassing the double 35S promoter was deleted. The vector contains in
sequential order (L to R), double Cauliﬂower mosaic virus (CaMV) 35S promoters (indicated by arrow heads), a ribozyme (R) derived from Tobacco ring spot virus (TRSV) and a
nos terminator (T). In each construct, (þ) and () symbols represent the polarity of the ectopically expressed transcripts. At the 50 junction of (þ) and the 30 junction of ()
agroconstructs, the nucleotide sequences of non-viral and viral origin are shown in lowercase and uppercase, respectively. The bent arrows at the 50 end of (þ) and the 30
end of () constructs represent transcription start sites. L-shaped structures at the 30end of (þ) and the 50 end of () constructs represent the tRNA-like structures. Curved
arrows at the 30 end of (þ) and the 50 end of () constructs indicate the predicted self-cleavage sites of the ribozyme (R). The size in nucleotides (nt) of ectopically expressed
RNA transcripts and their expected polarity are shown to the right of each construct. The numbers shown in parentheses are the numbers of non-viral RNA nucleotides left
after self-cleavage by the ribozyme (R).
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co-expression with either pJL 36 (full-length TMV) or pRP (TMV-
replicase) resulted in efﬁcient replication and accumulation of
STMV RNA (Fig. 2A, lanes 2 and 3). Similarly, detectable levels of
STMV RNA accumulated in leaves agroinﬁltrated with pSTMV
followed by mechanical inoculation with TMGMV virions (Fig. 2A,
lane 4). At ﬁve dpi, plants mechanically inoculated with STMV and
TMGMV in N. tabacum “Turkish” accumulated detectable levels of
STMV RNA. Sequencing results in each case revealed that progeny
STMV RNA terminated in CCAOH. These observations suggested
that the extension of 22 non-viral bases due to ribozyme cleavage
(Fig. 1B) had no effect on initiation of minus-strand synthesis by
HV-replicase, and the 30 extensions are not maintained during
replication (data not shown) as previously observed (Annamalai
and Rao, 2005; de Wispelaere and Rao, 2009). Fig. 2A shows
results of an RT-PCR assay performed on the total RNA samples. In
addition to the expected RT-PCR product of 1 kb corresponding to
STMV RNA, an additional faster migrating truncated product of
0.9 kb was detected only in samples from N. benthamiana (Fig. 2A
bottom panel, lanes 2–5) but not from N. tabaccum “Turkish”
(Fig. 2A bottom panel, lane 6). The nature of this truncated band
was further characterized (see below).
Western blot analysis (Fig. 2B; showing monomeric, dimeric
and trimeric CP subunits) and electron microscopy (Fig. 2C) con-
ﬁrmed that transiently expressed RNA transcripts of pSTMV (þ)
are biologically active. To verify the contents of the virions puriﬁed
from N. benthamiana and N. tabacum “Turkish” plants, virion RNA
was isolated and compared to total RNA by Northern blot analysis.
Fig. 2D summarizes these results. Total RNA preparations from
N. benthamiana contained wild type (wt) STMV RNA and a weakly
detectable truncated RNA (Fig. 2D, left panel lane 1). Its presence
was more prominent in virion RNA (Fig. 2D, right panel lane 1).
Quantitative measurements revealed that, in total RNA, the accu-
mulation of the truncated RNA is 24% of the total STMV progeny.
Interestingly, it was packaged more efﬁciently than wt STMV RNA
(Fig. 2D). By contrast, the truncated RNAwas not detected either in
total or virion preparations of N. tabacum “Turkish” (Fig. 2D, right
and left panels lane 2). Below we present the molecular char-
acterization of this truncated RNA. Agarose gel electrophoresis of
puriﬁed virions from N. benthamiana (Fig. 2E, lane 1) and N.
tabacum “Turkish” (Fig. 2E, lane 2) suggests that wt and the
truncated RNA are encapsidated into distinct virion populations.
Ectopically expressed STMV ()-strand transcripts are biologically
active
Ectopically expressed ()-strand RNA transcripts of Brome
mosaic virus (BMV) RNA3 or satellite RNA of Cucumber mosaic
virus (CMV) are competent to serve as templates to initiate
replication by respective viral replicases (Kwon and Rao, 2012;
Seo et al., 2012). To verify the biological activity of ()-strand
transcripts of STMV, pSTMV () was co-expressed in N. benthami-
ana plants with pRP. Plants inﬁltrated only with either pSTMV (þ)
or pSTMV () in the presence and absence of an RNA silencing
suppressor p19 (Lakatos et al., 2004) served as controls. Fig. 3
summarizes results of Northern (plus and minus strands), Western
blot, and EM analysis. In the absence of p19, only transcripts of
Fig. 2. Biological activity of STMV agro-constructs. Three sets of N. benthamiana plants were used. The ﬁrst set of plants was inﬁltrated with a mixture containing the
agrocultures of pSTMV (þ) and either pJL36 or pRP. The second set of plants were ﬁrst inﬁltrated with agrocultures of pSTMV (þ) and after 24 h, inﬁltrated leaves were
mechanically inoculated with puriﬁed virions of TMGMV. The third set of plants was mechanically inoculated with puriﬁed virions of STMV and TMGMV. As a control, N.
tabacum “Turkish” plants were mechanically inoculated with puriﬁed virions of STMV and TMGMV. (A) Northern blot analysis (top panel). Approximately 10 μg of total RNA
isolated from each set of experimental plants was subjected to Northern blot hybridization and probed with a 32P-labeled riboprobe speciﬁc to STMV (see Materials and
Methods). The position of STMV progeny RNA is shown to the right. Ribosomal RNA (rRNA) was used as loading controls. RT-PCR (bottom panel): RT-PCR assay was
performed as described under Materials and Methods section. DNA size ladder (in kb) is shown to the right. (B) Western blot analysis. Protein samples recovered from
experimental plants were subjected to Western blot analysis using anti-STMV CP. The positions of monomeric (1 ) and dimeric (2 ) forms of STMV CP are shown to the
left. M, Molecular weights (in kilo Daltons kDa) of the marker proteins are shown to the right. (C) Electron microscopy (EM). STMV virions puriﬁed from the indicated set of
experimental plants were negatively stained and examined under EM. Bar¼50 nm. (D) RNA analysis. Total and virion RNA was isolated from N. benthamiana (lane 1) and N.
tabacum “Turkish” (lane 2) and subjected to duplicate Northern blot hybridization as described above. Position of wt STMV RNA is indicated. Asterisk indicates the position of
the truncated RNA. Ribosomal RNA (rRNA) was used as a loading control. The numbers represent % accumulation of wt/truncated RNA. (E) Virion mobility proﬁles of STMV
virions puriﬁed from N. benthamiana (lane 1) and N. tabacum “Turkish” (lane 2). Virions were electrophoresed in a 2% agarose/TAE gel and stained with EtBr followed by
Coomassie blue staining.
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()-strand but not (þ)-strand of STMV were detectable (compare
lanes 1 and 2 in Fig. 3A, B). An RT-PCR assay validated these results
(Fig. 3C, lanes 1 and 2). By contrast, co-expression of p19 resulted
in detectable levels of both (þ) and ()-transcripts (Fig. 3A, lanes
3 and 4). Thus, in the absence of a silencing suppressor, the
transiently expressed (þ)-strand, but not ()-strand transcripts of
STMV are subjected to RNA silencing and hence are not
detectable (Fig. 2A, lane 1).
It is interesting to note that although no complementary
()-strands were detected in leaves co-expressing p19 and pSTMV
(þ) (compare lane 3 in Fig. 3A, B), a weakly visible level of
(þ)-strands were detected in leaves co-expressing p19 and
pSTMV-() (compare lane 4 in Fig. 3A, B). An RT-PCR assay
conﬁrmed the accumulation of STMV (þ)-strand RNA in these
two samples (Fig. 3C, lanes 3 and 4). These observations implicate
that, in the presence of p19, host RdRp synthesized STMV
(þ)-strand transcripts on ()-strand templates. In addition, unlike
data shown in Fig. 2A (see RT-PCR data), these samples failed to
generate the truncated 0.9 kb product (Fig. 3C, lanes 3 and 4)
despite using an increased concentration of total RNA. When
plants were co-inﬁltrated with pSTMV () and pRP, a signiﬁcant
increase in levels of progeny STMV (þ)-strand transcripts was
observed (Fig. 3A, lane 5), although this level of (þ)-strand
synthesis was prominently less than that of progeny derived from
transiently expressed pSTMV (þ) and pRP (compare lanes 5 and
6 in Fig. 3 A). In addition to the expected 1 kb product, a truncated
0.9 kb product, similar to that seen in the data shown in Fig. 2A,
could be ampliﬁed by RT-PCR (Fig. 3C, lanes 5 and 6). Collectively
our data show that the 0.9 kb fragment is linked to HV-dependent
replication of STMV RNA (see Discussion).
Western blot analysis conﬁrmed that the STMV (þ)-strand
transcripts derived from ectopically expressed STMV ()-strands
were competent for CP translation (Fig. 3D compare lanes 5 and 6).
EM analysis of virion preparations from N. benthamiana leaves co-
inﬁltrated with pRP and either pSTMV (þ) or pSTMV () were
approximately 18 nm in diameter. These virions are indistinguish-
able from those of native STMV virions (Fig. 3E). Collectively the
data suggested that ectopically expressed STMV-()-strand tran-
scripts are biologically active.
A remote possibility exists that initiation of STMV (þ)-strands
from ectopically expressed STMV ()-strand inoculum could be
due to the action of an inconspicuous cryptic promoter present in
the pSTMV () agrotransformant. To verify this, Δ35SpSTMV ()
(Fig. 1B), characterized by lacking the region encompassing the
double 35S promoter from pSTMV () was constructed. Agrocul-
tures of Δ35SpSTMV () and pRP were co-inﬁltrated into
N. benthamiana leaves, and progeny at ﬁve dpi were subjected to
Northern blot hybridization and RT-PCR. Absence of any detectable
STMV RNA (Fig. 3B, lane 7) or its RT-PCR product (Fig. 3C, lane 7) or
CP (Fig. 3D) conﬁrmed that initiation of STMV (þ)-strand synth-
esis on ectopically expressed STMV ()-strands by HV RdRp is
authentic and is not mediated by any cryptic promoter.
Assembly of STMV virions in the absence of HV-dependent replication
Western blot results in Fig. 3D demonstrate that STMV tran-
scripts expressed in the absence of HV-replicase, but in the
presence of p19 are competent to translate CP. To verify whether
the STMV CP translated in the absence of HV-replicase could form
virions, we performed the following experiment. Following
agroinﬁltration of N. benthamiana leaves with pSTMVþp19, vir-
ions were puriﬁed and subjected to density gradient centrifuga-
tion followed by fractionation and EM analysis as described under
Materials and Methods. Sucrose density gradient fractionation of
puriﬁed virions assembled via replication from plants inﬁltrated
with pSTMVþpRP served as a control. Fig. 4 summarizes these
results.
Sucrose density gradient sedimentation analysis of control
samples (i.e. pSTMVþpRP) revealed that, a single sedimenting
major peak, a characteristic of STMV (Valverde and Dodds, 1986,
1987) was detected one-third of the way down the gradient
(Fig. 4A, solid line). By contrast, similar sedimentation analysis
performed in parallel for virions puriﬁed from N. benthamiana
leaves inﬁltrated with pSTMVþp19 did not reveal the presence of
any sedimenting peaks characteristic of STMV (Fig. 4A, broken
line). Gradient fractions encompassing solid (i.e. pSTMVþpRP) and
broken lines (i.e. pSTMVþp19) were subjected to Western blot
analysis using anti-STMV CP antibody (Fig. 4B, C). As expected,
STMV CP was found to associate with fractions encompassing the
single major sedimenting peak of pSTMVþpRP (Fig. 4B). Interest-
ingly, the top portion of the gradient from pSTMVþp19 inoculated
plants (Fig. 4C) contained STMV CP in fractions encompassing 1–
10 while detection of CP in fractions encompassing 11–20 required
prolonged development of the blots. EM analysis showed that,
fractions encompassing the single major sedimenting peak of
pSTMVþpRP-contained virions of wt STMV (Fig. 4D, left panel,
fractions #11–21). These virions measured predominantly at
18 nm (Fig. 4E). Surprisingly, for pSTMVþp19, fractions encom-
passing the top of the gradient also contained icosahedral virion
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Fig. 3. Biological activity of ectopically expressed STMV ()-strand templates.
Northern blot analysis of STMV plus (A) and minus (B)-strand progeny; (C) RT-PCR
assay and (D) Western blot analysis of STMV CP in N. benthamiana leaves with
indicated agrocultures. Plants inﬁltrated only with pSTMV (þ) or pSTMV () or
Δ35SpSTMV () served as controls. Northern blot, RT-PCR and Western blot
analyses were performed as described under Fig. 2 legend, except that in RT-PCR
assays the total RNA concentration of samples recovered from plants co-inﬁltrated
with P19 and either pSTMV (þ) or pSTMV () was increased to 20 μg. The
positions of wt STMV RNA, DNA size ladder (in kb) and CP are indicated on the right
side of each panel. rRNA was used as a loading control. (E) EM analysis. STMV
virions puriﬁed from plants co-inﬁltrated with agrocultures of pRP and either
pSTMV (þ) or pSTMV () were subjected to EM examination as described under
Fig. 2 legend. Bar¼50 nm.
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like particles (VLPs) (Fig. 4D, right panel, fractions #1–10). How-
ever, these VLPs exhibited heterogeneity in size measuring 14 nm
and 20 nm with a predominance of 16 and 18 nm particles
(Fig. 4E).
Previous X-ray crystallographic studies predicted that cognate
RNA is obligatory for the assembly of STMV (Larson et al., 1998).
For this reason, to analyze the nucleic acid composition of
fractionated virions and VLPs corresponding respectively to
pSTMVþpRP and pSTMVþp19, the ﬁrst 28 fractions encompass-
ing each gradient shown in Fig. 4A were pooled pair-wise (result-
ing in a total of 14 pooled fractions), RNA was extracted and
subjected to Northern blot hybridization and RT-PCR. Results are
shown in Fig. 4(F–H). Virion fractions, encompassing the single
faster sedimenting peak from pSTMVþpRP contained a wt and a
truncated RNA (Fig. 4F) identical to that data shown above (Fig. 2D,
right panel, lane 1). By contrast, in fractions from pSTMVþp19, the
presence of STMV RNA could not be conﬁrmed either by Northern
blot hybridization (Fig. 4G) or by RT-PCR (Fig. 4H). Collectively this
data suggests that VLPs assembled in leaves inﬁltrated with
pSTMVþp19 are empty (Fig. 4D) and hence are lighter and
conﬁned to the top of the gradient (also see Discussion). Despite
the presence of CP in fractions encompassing 11–20, no VLPs could
be detected under EM (Fig. 4D). It is likely that the concentration
of the VLPs in these fractions is too low to form a pellet during
high-speed centrifugation.
Replication of STMV in N. benthamiana, but not in N. tabacum
‘Turkish’ generates a distinct deletion variant RNA lacking
the 30 150 nt
Results shown in Fig. 2A (RT-PCR assay) revealed the presence
of an unexpected truncated RNA migrating faster than wt in
N. benthamiana but not in N. tabacum “Turkish”. To conﬁrm the
generation of this truncated RNA is not due to agroinﬁltration, an
inoculum containing STMV and TMGMV was mechanically inocu-
lated by hand to N. benthamiana plants. N. tabacum ‘Turkish’ plants
mechanically inoculated with the same inoculum served as con-
trols. Northern blot hybridization and RT-PCR results of virion RNA
recovered from agroinﬁltration and mechanical inoculation con-
ﬁrmed that production of the truncated STMV RNA species (Fig. 5)
is not an artifact of agroinﬁltration but is speciﬁcally generated
in N. benthamiana, but not in N. tabacum ‘Turkish’ plants (see
Discussion).
To further characterize the genetic nature of the truncated RNA
species, following the addition of a 30 poly-A tail, a PCR product
complementary to the truncated STMV RNA was obtained as
Fig. 4. Sucrose density gradient analysis. (A) Absorption spectra showing the sedimentation proﬁles of virion pSTMVþpRP (solid line) and pSTMVþp19 (broken line)
isolated from N. benthamiana plants following agroinﬁltration. (B, C) Western blot analysis. A total of 32 individual fractions (0.5 ml each) were collected from gradients of
(B) pSTMVþpRP and (C) pSTMVþp19. Each fraction was subjected to Western blot analysis using anti-STMV CP antibody. (D) EM analysis. A set of 4 aliquots were assembled
by pooling the indicated fraction numbers for pSTMVþpRP and pSTMVþp19, subjecting them to high speed centrifugation and the resulting pellets were re-suspended in
water and examined under EM as described under Fig. 2 legend. Bar¼20 nm, (E) Distribution of STMV capsid diameters. Approximately 50 particles for each indicated
preparation were measured and normalized against the most abundant size (i.e. 18 nm). (F, G) Northern blot analysis of virion RNA. A total of 28 gradient fractions (see text
for reasons pooling only 28 fractions) recovered from fractionating (F) pSTMVþpRP and (G) pSTMVþp19 were pooled pair wise to obtain 14 aliquots (i.e. aliquot #1 is a
mixture of fraction # 1 and #2, aliquot #2, is a mixture of fraction #3 and #4 etc.). The resulting 14 aliquots were subjected to high-speed centrifugation (90,000 rpm for
90 min in a Beckman, TL 100 table top centrifuge) to pellet virions. RNA was extracted from each aliquot and subjected to Northern blot hybridization. Wt, Virion RNA
isolated from N. tabacum “Turkish” was used as a control. Pelleting of virions, isolation of RNA, Western and Northern blot analysis was performed as described in the legend
of Fig. 2. (H) RT-PCR. RT-PCR assay was performed on virion RNA corresponding to the above-mentioned 14 aliquots and wt as described under the Materials and Methods
section.
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described under Materials and Methods and sequenced. Recent
SHAPE analysis (Athavale et al., 2013) predicted that the 30 UTR of
wt STMV has the following secondary structural features: A TLS is
present between nt 951 and 1058 (Fig. 6A). A pseudoknot-like
stalk (Fig. 6A), referred to as PK1-3, is positioned between nt 873
and 950. A set of ﬁve stem-loop structures (Fig. 6A) referred to as
SL 1–5, is located between nt 736 and 871. Compared to the native
30 proximal region of STMV RNA (Fig. 6A), the truncated STMV RNA
species was found to lack the 30 150 nt (Fig. 6B) which encom-
passes PK 2 and 3 and the TLS. From now on this truncated form of
STMV will be referred to as STMVΔ150. To further characterize the
biological nature of STMVΔ150, N. benthamiana plants were
inﬁltrated with agroconstruct pSTMVΔ150 (Fig. 6C) in the pre-
sence and absence of p19 and pRP. Similar inﬁltrations with
pSTMV served as controls. Total RNA was subjected to duplicate
Northern blots and hybridized with STMV (þ) and () riboprobes.
Fig. 6D summarizes the results. Like pSTMV, transcripts of
STMVΔ150 accumulated to detectable levels in the presence of
but not in the absence of p19 (Fig. 6D, compare lanes 1 and 2 to
lanes 3 and 4). In STMV, the 30 TLS encompasses sequences
required to initiate the minus-strand syntheses by HV replicase
(Mirkov et al., 1989). Therefore, co-expression of pSTMVΔ150 with
pRP failed to detect any progeny ()-strands conﬁrming that
transcripts of STMVΔ150 are incompetent for replication by HV
replicase (Fig. 6D, compare lanes 6 and 8).
Translation of CP from STMVΔ150 requires a conserved 30 stem-loop
structure
Prior to this study, although in vivo experiments examined the
translation of STMV CP co-infected with HV (Mirkov et al., 1989),
analysis of sequence elements regulating CP translation has never
been performed. To verify whether STMVΔ150 mRNA would
translate CP, the agroconstruct of STMVΔ150 (Fig. 6C) was co-
inﬁltrated into N. benthamiana with and without p19. Results of
Northern and Western blot analysis are shown in Fig. 7A. Like wt
STMV, STMVΔ150 RNA and its translation product accumulated to
detectable levels only in the presence of p19 (Fig. 7A, lanes 1 and
6). In STMV and TMV (i.e. HV), the 30 150 nt exhibit 65% identity
and contain a highly conserved set of two 30 proximal pseudoknot-
like structures (PK-2 and 3) and a TLS (Fig. 6A) (Gultyaev et al.,
1994). Studies performed with TMV revealed that these two
pseudoknots are intimately involved in translation (Leathers
et al., 1993). Then how did STMVΔ150, lacking the 30 150 nt region
(PK 2, 3 and the TLS) translate? Analysis of the 30 UTR region of
STMVΔ150 revealed that one of the three stem-loops (referred to
as SL* in Fig. 7B) encompassing the 30 pseudoknots and located
between nt 874 and 897 is preserved. Since STMVΔ150 is
competent to translate, we speculate that this preserved SL* could
play a role in translation. Therefore, to test the functionality of this
pRP + TMGMV + 
900 
1000 
1200 
1500 
1 2 3 4 
1058 nt 
NB 
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Fig. 5. Packaging phenotypes of STMV RNA. Northern blot analysis of STMV virion
RNA puriﬁed from either N. benthamiana plants agroinﬁltrated with pRPþpSTMV
(þ) (lane 1); pRPþpSTMV() (lane 2); or NB plants mechanically inoculated with
TMGMV and STMV (lane 3) or N. tabacum ‘Turkish’ (NT) plants mechanically
inoculated with TMGMV and STMV (lane 4). Asterisks indicate the position of the
truncated STMV RNA. Bottom panel: RT-PCR assay: Agarose gel showing the
positions of RT-PCR products of corresponding samples shown in top panel. RT-
PCR was performed as described under Materials and Methods. Position of wt
STMV is shown to the left. Asterisk indicates the position of the truncated STMV
RNA. M¼DNA size ladder and sizes are shown to the right.
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Fig. 6. Characterization of STMVΔ150. (A) Schematic diagram showing the sec-
ondary structural features encompassing the 30 un-translated region (UTR) of STMV
RNA. From the 30 end, a L-shaped secondary structure (located between nt 951 and
1058) represents the tRNA-like structure. The positions of pseudoknots 1-3 (PK1-3)
located between nt 873 and 950 and stem-loops (SL 1–5) located between nt 736
and 871 are shown. A hatched box represents a portion of the CP ORF showing the
location of the stop codon. (B) Sequence alignment between wt STMV and
STMVΔ150. STMVΔ150 is characterized by lacking a region located between
nucleotides 908 and 1058. (C) Agroconstruct of STMVΔ150. A cDNA clone of
STMVΔ150 was sub-cloned into a T-DNA based pCASS-Rz vector as described
under the legend of Fig. 1A. (D) Northern blot hybridization of total RNA recovered
from N. benthamiana plants inﬁltrated with the indicated mixture of agrocultures
containing either a single (lanes 1, 3, and 5) or two agroconstructs (lanes 2, 4 and
6). Inﬁltration with an empty vector (lane 7) or pSTMVþpRP (lane 8) served as
negative and positive controls, respectively. Conditions of hybridization for detect-
ing STMV (þ) or () progeny are as described in the legend of Fig. 2. The positions
of STMVΔ150 (908 nt) and wt STMV (1058 nt) are shown to the left and right,
respectively. rRNA indicates the ribosomal RNA loading control.
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conserved SLn in translation, ﬁrst we de-stabilized the SLn by
engineering mutations into the stem region (Fig. 7C) and the
resulting agro-variant was referred to as pSTMVΔ150ΔSLn-D
(Fig. 7C). Another mutant pSTMVΔ150ΔSLn-R was created to
restore the destabilized stem-loop by engineering nucleotides
complementary to pSTMVΔ150ΔSLn-D (Fig. 7C). As a control, a
variant of wt pSTMV referred to as pSTMVΔSL, characterized by a
deletion of sequence encompassing that stem-loop (SL) at nt 872–
908 was created (Fig. 7D). The following two sets of inocula were
agroinﬁltrated. The ﬁrst set of inocula consisted of autonomously
expressing pSTMV, pSTMVΔSL, pSTMVΔ150, pSTMVΔ150ΔSLn-D
and pSTMVΔ150ΔSLn-R. In the second set, each of these inocula
was co-expressed with p19. Plants co-inﬁltrated with pRP and
either pSTMV or pSTMVΔSL served as controls. At four dpi, total
RNA and protein extracts were subjected to Northern and Western
blot analysis respectively (Fig.7A). When co-expressed with p19,
RNA of pSTMVΔ150 (Fig. 7A, lane 6) and pSTMV (Fig. 7A, lane 12)
but not pSTMVΔ150ΔSLn-D (Fig. 7A, lane 7) or pSTMVΔSL
(Fig. 7A, lane 10), translated to yield detectable levels of CP.
Translation of STMVΔ150 was resumed when destabilized SL*
was restored as in pSTMVΔ150ΔSLn-R (Fig. 7A, lane 8). Taken
together, these observations conﬁrmed that the translation of
mRNAs of wt STMV and STMVΔ150 require the 30 SLn structure.
To verify whether CP translated from transiently expressed
pSTMVΔ150þp19 is assembly competent, virions were puriﬁed
from inﬁltrated leaves and examined under EM. Only aggregates of
CP, but not virions resembling those of wt STMV were consistently
detected in several repeated experiments. Representative images
are shown in Fig. 7E.
Discussion
This study was initiated to understand the mechanisms reg-
ulating virion assembly of STMV in vivo. To this end, we opted to
employ an Agrobacterium-mediated transient expression system
that has been successfully applied to address several issues related
to virus assembly and genome packaging in BMV and Flock house
virus (FHV) (Annamalai and Rao, 2006c; Annamalai et al., 2008).
Application of the agroinﬁltration system to STMV collectively
revealed the following: (i) When co-expressed with the HV repli-
case, the transiently expressed (þ)-strand STMV transcripts are
biologically active; (ii) Transiently expressed ()-strand STMV
transcripts can also serve as templates to initiate (þ)-strand
synthesis by HV replicase; (iii) Most importantly, both mechanical
inoculation and agroinﬁltration of STMV in N. benthamiana, but
not in N. tabacum “Turkish”, generated a truncated STMV lacking
the 30 150 nt and this truncated form was efﬁciently encapsidated
by STMV CP and (iv) HV-independent expression of CP frommRNA
of wt STMV was competent to assemble into empty VLPs while
Fig. 7. Role of 30 UTR of STMVΔ150 RNA in translation. (A) Total protein (top panel) and RNA (bottom panel) samples were isolated from plants inﬁltrated with the indicated
agrotransformants and were subjected to Western blot analysis using anti-STMVP CP antibody and Northern blot hybridization to detected (þ) STMV RNA as described
under Fig. 2B. Arrow shown on the right indicates the position of STMV CP. (B) Schematic diagram showing the location of the 30 proximal stem-loop (30SL*) (highlighted in
gray box) encompassing nt 872–908. (C) Mutational analysis of 30SL*. In SL*-D, nucleotide substitutions engineered to disrupt the stem-loop are highlighted in gray. In SL*-R,
nucleotides complementary to substitutions in SL*-D were engineered to restore the 30SL*. (D) Characteristic features of STMV wtΔSL. In wt STMV, nucleotide sequence
encompassing the 30SL (is indicated by gray box) is deleted to yield STMV wtΔSL. (E) EM analysis. Virions of STMVΔ150 were puriﬁed from agroinﬁltrated N. benthamiana
leaves, subjected to sucrose density gradient analysis followed by Western blot analysis. Fractions containing CP were pooled and examined under EM. Bar¼0.1 μm (left
panel) and 18 nm (right panel).
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that of STMVΔ150 was not. Below we discuss the signiﬁcance of
these results.
Replication of STMV in N. benthamiana vs. N. tabacum
Prior to this study, STMV inoculations were performed in
several Nicotiana spp. including N. benthamiana but most of the
characterization of STMV progeny was limited to serology and
dsRNA analysis (Valverde et al., 1991). In this study, a comparative
analysis of STMV replication in N. tabacum “Turkish” vs. N.
benthamiana revealed that in the latter host, a truncated form of
STMV is generated. Since this truncated form could also be seen in
mechanically inoculated N. benthamiana but not in N. tabacum
“Turkish” plants (Fig. 2A), we argue that its generation is not an
artifact of agroinﬁltration. Sequence analysis showed that the
truncated STMV lacked the 30 150 nt (STMVΔ150) region encom-
passing the ()-strand promoter. Consequently, transient expres-
sion of STMVΔ150 in the presence of its HV replicase failed to
replicate.
We believe STMVΔ150 is not a defective interfering RNA (DI-
RNA) since it does not meet the requirements to be a DI-RNA such
as retention of 50 and 30 ends of the parent genome to promote
efﬁcient replication and its generation during serial passages in
plants or animal hosts (Simon et al., 2004). Although the mechan-
ism regulating the generation of STMVΔ150 is currently obscure,
we offer the following explanation. The production of the trun-
cated STMV occurred only during HV-dependent replication by HV
RdRp since an RT-PCR product corresponding to the truncated
formwas not ampliﬁed in the absence of HV replicase (Fig. 3C, lane
3 and 4). This suggests that production of STMVΔ150 is linked to
replication. If this is true, then a similar truncated product should
have been generated in N. tabacum as well. But it was not the case
(Fig. 2 A and D). Based on this collective information, we speculate
that the generation of STMVΔ150 is not only linked to HV-
dependent replication but also the type of replicase complex (HV
encoded replicase protein and host factors) assembled in N.
benthamiana vs. N. tabacum. Since genome packaging in icosahe-
dral viruses is functionally coupled to replication (Annamalai and
Rao, 2006c; Annamalai et al., 2008; Khromykh et al., 2001; Nugent
et al., 1999), packaging of replication-derived progenies (wt and
STMVΔ150; Fig. 2A) but not transiently expressed transcripts
(Fig. 4D and G) further supports this conjecture. Additional
experiments are required to unravel this issue.
30 Proximal cis-acting sequences regulating translation of STMV RNA
Another interesting outcome of our study concerns the transla-
tion of STMVΔ150. The cis-features in the 30region of STMV RNA
needed to support translation are not known. Available evidence
suggests that translation of its HV, i.e. TMV RNA, is independent of
the 30 TLS but requires a co-operative interaction between the
pseudoknot structures just upstream of the TLS and the 50 cap
(Gallie, 2002; Leathers et al., 1993). In STMV, two of the three 30
proximal pseudoknots (PK 2 and 3 in Fig. 6A) are homologous to
the corresponding structures in the TMV 30 UTR (Gultyaev et al.,
1994). Mutational analysis revealed that disruption/deletion of PK-
3 formation completely aborted TMV translation (Leathers et al.,
1993). However, unlike in TMV, STMVΔ150 lacking the 30 150 nt
(encompassing TLS and PK 2 and 3) translated to yield detectable
levels of CP (Fig. 7A). This suggests that STMV translation is
dependent on the remnant 30 UTR containing the 30 proximal SLn
(Fig. 7B). This conjecture is supported by a reduction in translation
efﬁciency (Fig. 7A) due to the disruption of either 30SLn (i.e. PK-1)
formation in STMVΔ150 or deletion of a sequence encompassing
this stem-loop from wt STMV RNA (Fig. 7D). Thus, it is likely that
the conserved 30 SL may function as a translation-enhancing
element by bridging interactions through the binding of the
components of the translation machinery (e.g. eF1A) to bring the
50 and 30-termini into close proximity (Dreher and Miller, 2006;
Nicholson and White, 2014). Although recent SHAPE analysis of
STMV identiﬁed the existence of long-range interactions none
were detected between the 50 and 30-termini (Archer et al., 2013).
Likewise, our initial search for identifying long-range interactions
between the loop region of the 30 SLn and predicted stem-loops in
the 50-UTR was unsuccessful.
Factors regulating the assembly of STMV in the presence and absence
of HV-dependent replication
In icosahedral viruses, two types of macromolecular interac-
tions regulate genome packaging. The ﬁrst type includes viruses
that are stabilized by protein–protein interactions (e.g. members
of the genera Tymovirus and Comovirus); in these viruses, in
addition to RNA-containing virions, assembly of empty capsid
shells also occurs (Rao, 2006). The second type includes those
viruses in which capsid assembly is dictated by RNA–protein
interactions (e.g. members of the genera Bromovirus and Cucumo-
virus); in these viruses virion formation requires RNA and there-
fore empty virions are never observed in vivo (Rao, 2006).
Furthermore, in viruses involving the second type, RNA packaging
speciﬁcity is dictated by a conformation change in CP subunits due
to interaction between replicase and CP Seo et al. (2012)
(Chaturvedi and Rao, 2014; Rao et al., 2014). Crystallographic
studies hypothesized that assembly of STMV virions require its
RNA (Larson et al., 1998). However, prior to the work reported here
no in vivo experimental evidence existed to evaluate the mechan-
ism of STMV RNA packaging. Analysis of STMV assembly pheno-
types in the absence and presence of its HV replicase, as
schematically shown in Fig. 8, revealed that formation of STMV
virions encompasses replication-dependent and replication-
independent assembly pathways and these two mechanisms
involve the 30 TLS. As per a replication-dependent mechanism, as
hypothesized for BMV (Choi et al., 2002; Rao and Kao, 2015), the 30
TLS in STMV might serve as a chaperone or nucleating element of
CP subunits toward virion assembly. Additionally, following CP
translation, it is envisioned that a physical interaction with viral
replicase induces a conformational change to the CP, resulting in
the speciﬁc recognition of viral RNA progeny and assembling into
homogenous virions (Fig. 8A). By contrast, in the absence of
replicase-CP interaction, un-modiﬁed CP subunits are competent
to assemble into heterogeneous VLPs using the 30 TLS as a
nucleating agent but packaging of viral RNA is inhibited (Fig. 8B)
as observed in BMV (Annamalai and Rao, 2005; Rao et al., 2014).
The critical involvement of the 30 TLS in the assembly of virions is
exempliﬁed by the absence of VLPs when CP is translated from
STMVΔ150 (Fig. 8B). Furthermore, despite the absence of the 30
TLS (Fig. 3) efﬁcient packaging of replication-derived STMVΔ150
suggest that, in addition to the 30 TLS, packaging of STMV could be
mediated through signals located elsewhere in the genome.
Additional studies are required to substantiate this hypothesis.
Many positive-strand RNA viruses have been shown to induce a
variety of membrane alterations with several morphologies that
house replication complexes (Laliberte and Sanfacon, 2010). Appli-
cation of immunoﬂuorescence and 3D microscopy studies to TMV-
infected cells showed the modiﬁcation of endoplasmic reticulum
(ER) to induce the assembly of virus replication complexes (VRCs)
(Asurmendi et al., 2004). Since replication of STMV is dependent
on its HV, in the absence of HV replicase, it is possible that
STMVΔ150 might not be recruited into the VRCs for RNA replica-
tion and become trapped in the translation state by ribosomes on
the ER or free ribosomes and thus are not available for virion
assembly. Therefore, in the case of wt STMV RNA, the translated
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CPs, correctly folded in the presence of the STMV RNA 30 TLS
functioning as a chaperone would be released into the cytoplasm,
leading to the formation of empty VLPs (Figs. 4D and 8B).
Extrapolation of this scenario to STMVΔ150 RNA suggests that,
due to the absence of the 30 TLS, the translated CPs could not be
folded correctly and thus only forms aggregations of CP (Figs. 7E
and 8B).
Replication-derived mature virions of STMV are of 18 nm with
T¼1 symmetry. Although STMV VLPs assembled in the absence of
HV replication are of 16–18 nm (Fig. 4E), they remained on the top
of the gradient suggesting they are lighter than wt (Fig. 4A–D).
Absence of any detectable RNA in these VLPs suggested they could
be empty in nature (Fig. 4G). However, the fact that STMV virion
assembly is RNA-dependent (Larson et al., 1998) and no virion RNA
was packaged (Fig. 4G), a remote possibility exists that, these VLPs
(fractions 1–10) might contain cellular RNA. However, STMV
virions of 18 nm can package RNA of 1058 nt (genomic RNA) or
less (i.e. 908 nt of STMV Δ150) (Fig. 4D). Therefore, packaging of
any high molecular weight cellular RNAwould have resulted in the
faster sedimentation of the VLPs. Keeping these scenarios in
perspective, we envision that only few molecules of low molecular
weight cellular RNA (e.g. host tRNAs) could have been packaged
but that would not signiﬁcantly alter the sedimentation proﬁle
compared to those of empty VLPs. Sucrose density gradient
centrifugation used in this study is not sensitive enough to resolve
the above-mentioned two VLP forms (empty VLPs vs. VLPs packa-
ging low molecular weight cellular RNA). Since 50 end labeled
cellular RNA probes can only detect high molecular weight RNAs
(Annamalai and Rao, 2005), Northern blot hybridization would not
detect any of the low molecular weight cellular RNAs packaged
into VLPs. Application of next generation sequencing, as observed
in the VLPs of FHV (Routh et al., 2012) might help to better resolve
the role of cellular RNA in the assembly of VLPs.
In conclusion, prior to this study, predictions of STMV assembly
and genome packaging mechanisms were largely based on bio-
chemical and structural data (Archer et al., 2013; Athavale et al.,
2013; Larson et al., 1998; Schroeder et al., 2011). In vivo results of
our study provide several novel insights to understanding the
biology of STMV. These include (i) alteration of replication phe-
notype by changing the host (Figs. 2 and 5); (ii) mechanisms that
regulate translation (Fig. 7); (iii) virion assembly (Figs. 4 and 7)
and (iv) genome packaging (Figs. 4 and 5). More deﬁnite ans-
wers as to the critical involvement of CP interaction with RNA,
speciﬁcally with the 30 TLS in virus assembly and RNA packaging
would come from additional in vitro packaging assays similar to
those performed with BMV.
Materials and methods
Tobamoviruses used in this study
Wild-type TMV is known to elicit systemic necrosis and severe
stunting in N. benthamiana (Canto et al., 2004). For this reason,
throughout this study, unless otherwise mentioned, N. benthami-
ana or N. tabacum ‘Turkish’ were mechanically inoculated with
puriﬁed virions of TMGMV, the naturally occurring HV of STMV.
When agroconstructs of STMV were co-expressed with an agro-
construct of HV, either TMV replicase alone (pRP; Fig. 1A)
(Erickson et al., 1999) or a full-length chimera of TMGVM/TMV
(pJL 36; Fig. 1A) (Lindbo, 2007) were used.
Agro-constructs and agroinﬁltration
An agroconstruct of TMV, pJL 36 (a chimera between TMGMV and
TMV) (Lindbo, 2007) (Fig. 1A) was obtained from Dr. John Lindbo's
lab (Ohio State University). A variant agroconstruct of TMV, referred
to as pRP (Fig. 1A), designed to express the functional viral RNA-
dependent RNA polymerase (RdRp) gene was obtained from Dr.
Barbara Baker's lab (University of California, Berkeley) (Erickson et al.,
1999). To construct a T-DNA based plasmid of STMV, a full-length
cDNA of STMV was ampliﬁed from pSTMV6 of type strain STMV
(Mirkov et al., 1990) by PCR using a set of forward and reverse
primers (Table 1). SnaBI digested PCR product was ligated into a StuI
digested binary vector pCASS Rz (Annamalai and Rao, 2005). In
sequential order, the plasmid of pSTMV(þ) or () (Fig. 1B) contained
double 35S promoters, cDNA complementary to full length STMV in
either (þ) or () orientation, ribozyme (R) sequence and a Nos
terminator. A Δ35S-pSTMV construct (Fig. 1B) was made by deleting
the sequence encompassing the 35S promoter region as described
previously (Kwon and Rao, 2012), Agroinﬁltration was performed
with each agroculture of 0.5 OD at 600 nm as described previously
(Annamalai and Rao, 2006a) except that agrostrain GV 3101 was used
for transformation. The ﬁnal inoculumwas prepared by mixing equal
volumes of each culture and inﬁltrating into the abaxial surface of
fully expanded N. benthamiana leaves (Annamalai and Rao, 2006a).
Progeny analysis
Total RNA from agroinﬁltrated and mechanically inoculated
leaves was extracted 5 days post inoculation using the TRIZOL
method (Ambion) and the RNA pellet was re-suspended in RNAse-
free water. Virions were puriﬁed from agroinﬁltrated leaves as
described previously (Valverde and Dodds, 1987). The preparation
of strand-speciﬁc 32P-labeled riboprobes of STMV is as follows. A
sequence of 188 nt located between nucleotides 601 and 788 of
the STMV genome was generated by digesting the cDNA with SalI
and BglII and sub-cloned into a pT7T3 vector digested with SalI
and BamHI. The resulting clone was referred to as pT7T3-
STMV188. T7 RNA polymerase transcripts from SalI-linearized
pT7T3-STMV188 were used to speciﬁcally detect positive-sense
STMV RNA. Whereas T3 RNA polymerase transcripts from SmaI-
linearized pT7T3-STMV188 were used to speciﬁcally detect minus-
strand STMV RNA. Total and virion RNA was subjected to Northern
blot analysis as described previously (Annamalai et al., 2008) using
the strand-speciﬁc riboprobes of STMV. STMV CP samples were
analyzed by Western blots using anti-STMV CP antibodies (Mirkov
et al., 1989; Osman et al., 1997).
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Fig. 8. Possible mechanisms of (A) replication-dependent and (B) replication-
independent assembly of STMV (see text for details).
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Virion electrophoresis
Virion preparations were subjected to electrophoresis as
described (Mathews and Dodds, 1998), except 2% agarose gels
were used. The gel was stained initially with ethidium bromide
followed by Coomassie blue staining.
Construction of STMV variants and STMVΔ150 mutants
Variants of STMV (STMVΔSL) and STMVΔ150
(STMVΔ150ΔSLn-D; STMVΔ150ΔSLn-R) were made by PCR using
a set of forward and reverse primers (Table 1) using pSTMV and
pSTMVΔ150 constructs as templates. These PCR products were
kinased using Polynuceotide Kinase (New England Biolabs) for
30 min at 37 1C as described by the manufacturer and ligated into
the binary vector pCASSRz as described above.
RT-PCR
Unless otherwise stated, approximately 5 μg of total RNA
isolated from either mechanically inoculated or agroinﬁltrated
leaves at four dpi and virion RNA were polyadenylated followed
by RT-PCR as described previously (Kwon et al., 2014) using a ﬁrst
strand cDNA primer followed by a set of forward and reverse
primers for second strand synthesis (Table 1). Agarose gel electro-
phoresis was used to analyze PCR products and photographed
under UV light following ethidium bromide staining. The resulting
PCR product was sub-cloned into pCASS Rz as described above.
Virion fractionation and electron microscopy
For electron microscopy analysis, STMV virions were puriﬁed
from N. benthamiana as described (Valverde and Dodds, 1987),
subjected to 10–40% sucrose gradient centrifugation and fractions
of 500 μl were collected using an ISCO UA5 Gradient Fractionator
while recording the UV absorbance at 260 nm. Ten microliters of
these fractions were subjected to Western blot analysis using anti-
STMV CP antibody to identify the presence of STMV virions in each
fraction. Fractions harboring STMV virions were pooled and
concentrated by high-speed centrifugation at 30,000 RPM for 4 h
and re-suspended in water. For EM analysis, approximately 10 μl
of an approximately 100 ng/μl solution of highly puriﬁed virions
were spread on glow-discharged carbon coated grids. Following
negative staining with 1% uranyl acetate, grids were examined
under an FEI Tecnai12 transmission electron microscope, and
images were recorded digitally. RNA isolated from puriﬁed virions
was subjected to Northern bot hybridization as described above to
identify the packaged RNA.
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Table 1
Primers used in this study.
Primers/clone Sequence (50-30) Purpose
1. FWa: STMV TGAATATACGTAAACTTACCAATCAAAAGACC To construct pSTMV
RVb: STMV AAAAAATACGTATGGGCCGCTTACCCGCGG and pΔ35S-pSTMVc
2. FW: STMVΔ150 TGAATATACGTAAACTTACCAATCAAAAGACC To construct pSTMVΔ150
RV: STMVΔ150 GGGAGGACACAGCCAACATACGTA
3. FW: STMV wtΔSL GAACGCCATGGTGGCTGTATAATACGCCATGGACAAG To construct pSTMVΔSL
RV: STMVwtΔSL GAATTCGAGCTCCTGCAGGACAGTCC
4. FW: ΔSL-D TGAATATACGTAAACTTACCAATCAAAAGACC To construct pSTMVΔ150ΔSL-D
RV: ΔSL-D gtacttgtcaacctgcaattatacag
5. FW: ΔSL-R TGAATATACGTAAACTTACCAATCAAAAGACC To construct pSTMVΔ150ΔSL-R
RV: ΔSL-R GTACTTGTCAACCTGCAATTATACAGC
6. First strand cDNA GGGAGGACACAGCCAACATACGTA For RT-PCR
TTTTTTTTTTTTTTTTTTTTT
7. FW primer TACGTAAACTTACCAATCAAAAG For 2nd strand synthesis in RT-PCR
8. RV primer GGGAGGACACAGCCAACATACGTA For 2nd strand synthesis in RT-PCR
Underlined sequences represent restriction sites.
a FW: Forward primer.
b RV: Reverse primer.
c To construct pΔ35S-pSTMV, following ampliﬁcation with this primer set the PCR product was sub-cloned into pΔ35S-pCASSRz vector as described by Kwon and Rao
(2012).
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